Endothelial cells (ECs) are critical mediators of blood pressure (BP) regulation, primarily via the generation and release of vasorelaxants, including nitric oxide (NO). NO is produced in ECs by endothelial NO synthase (eNOS), which is activated by both calcium (Ca 2+ )-dependent and independent pathways. Here, we report that intracellular Ca 2+ release from the endoplasmic reticulum (ER) via inositol 1,4,5-trisphosphate receptor (IP3R) is required for Ca 2+ -dependent eNOS activation. EC-specific type 1 1,4,5-trisphosphate receptor knockout (IP3R1 −/− ) mice are hypertensive and display blunted vasodilation in response to acetylcholine (ACh). Moreover, eNOS activity is reduced in both isolated IP3R1-deficient murine ECs and human ECs following IP3R1 knockdown. IP3R1 is upstream of calcineurin, a Ca 2+ /calmodulinactivated serine/threonine protein phosphatase. We show here that the calcineurin/nuclear factor of activated T cells (NFAT) pathway is less active and eNOS levels are decreased in IP3R1-deficient ECs. Furthermore, the calcineurin inhibitor cyclosporin A, whose use has been associated with the development of hypertension, reduces eNOS activity and vasodilation following ACh stimulation. Our results demonstrate that IP3R1 plays a crucial role in the ECmediated vasorelaxation and the maintenance of normal BP.
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hypertension | calcium | endothelium | IP3 receptor | eNOS H ypertension (HTN) is a major cause of morbidity and mortality affecting millions of adults worldwide (1, 2) . Globally, among the ∼17 million deaths caused by cardiovascular diseases, nearly half can be attributed to complications of HTN (3) (4) (5) (6) (7) (8) (9) . In addition, vasodilator drugs that activate nitric oxide (NO) production have been used to treat HTN for decades (4, 10) . Calcineurin (also known as protein phosphatase 2B), is a Ca 2+ /calmodulin-activated serine/ threonine protein phosphatase. Calcineurin inhibitors are first-line immunosuppressants used in organ transplantation (11, 12) . However, calcineurin inhibition causes HTN in up to 70% of patients (13) , and the exact underlying mechanisms are not fully understood.
Vascular endothelial cells (ECs), located at the interface between the vessel wall and blood, release vasorelaxants that influence vascular smooth muscle tone in response to mechanical (e.g., shear stress) and biochemical stimuli (14, 15) . These stimuli induce a rapid increase in intracellular Ca 2+ ([Ca 2+ ] i ) in ECs activating Ca 2+ -dependent signaling pathways, resulting in release of endothelium-derived relaxing factors, including NO (14, (16) (17) (18) (19) . Mice lacking endothelial nitric oxide synthase (eNOS) develop severe HTN (20) . However, how eNOS is regulated in vivo remains essentially unclear. The modulation of both plasma membrane Ca 2+ entry and endoplasmic reticulum (ER) Ca 2+ release is critical in EC function (21, 22) . Moreover, recent meta-analysis and genome-wide association studies in hypertensive individuals have linked type 1 1,4,5-trisphosphate receptor (IP3R1), a major [Ca 2+ ] i release channel (23, 24) , to high blood pressure (BP) (25, 26) . On these grounds, we sought to investigate in detail the functional role of the IP3R1/ Ca 2+ /calcineurin/nuclear factor of activated T cells (NFAT)/eNOS pathway in BP regulation.
Results and Discussion
Generation and Characterization of Endothelium-Specific IP3R1 Knockout
Mice. Previous studies have reported embryonic lethality in calcineurin B mutant and NFATc3 and NFATc4 double-knockout mice models (27) . Furthermore, there are three isoforms of calcineurin A and one of calcineurin B in ECs (28) plus four isoforms of NFAT (29) . Thus, genetic approaches to elucidate the functions of these molecules are problematic. Therefore, to dissect the IP3R1/Ca 2+ / calcineurin/NFAT/eNOS pathway, and to understand better the molecular mechanisms underlying BP regulation, we examined the role of IP3R1 in the Ca 2+ -dependent eNOS activation in ECs. We generated EC-specific IP3R1 knockout (EC IP3R1 S1D) . Additionally, EC IP3R1 −/− mice exhibited normal embryonic development (Fig. S2) .
Effect of Endothelial Disruption on BP. Strikingly, mean arterial pressure (measured using radiotelemetry) was significantly elevated in freely ambulating EC IP3R1 −/− mice by 3 mo of age (Fig.  1A) . These findings were confirmed by measuring BP using a Millar catheter (Fig. S3A ) or tail-cuff (Fig. S3B ). At 6 mo of age, chronic HTN resulted in cardiac enlargement and overall reduced function in EC IP3R1 −/− mice (Table S1 ). Mesenteric arteries exhibited markedly thickened tunica media ( Fig. S4 A and B) with an increased media/lumen ratio (Fig. S4C) 
in EC IP3R1
−/− mice.
Significance
In this study, we demonstrate that type 1 inositol 1,4,5-trisphosphate receptor channels are critically involved in the activation of the calcineurin/nuclear factor of activated T cells (NFAT)/endothelial nitric oxide synthase signaling pathway in endothelial cells. This pathway plays an essential role in the maintenance of normal blood pressure, with important implications in the clinical scenario.
In addition, both cardiac fibrosis and renal fibrosis were augmented in 6-mo-old EC IP3R1 −/− mice ( Fig. S4 D and E) . Taken together, these data show that EC IP3R1 −/− mice have a chronic hypertensive phenotype with typical target-organ damage, including the heart, kidney, and vasculature. Further studies are needed to investigate in detail the potential involvement of the regulation of sodium excretion in the kidney and other renal pathways (30, 31) .
Defective Vasodilation in EC IP3R1
−/− Mice. EC IP3R1 −/− mice exhibited a blunted vasodilatory response to i.v. ACh (Fig. 1B) . However, injection of the endothelium-independent vasodilator sodium nitroprusside (SNP; an NO donor) caused an equivalent BP reduction in both IP3R1
fl/fl and EC IP3R1 −/− mice (Fig. 1B) , indicating that the vasodilatory response to NO was intact.
Responses to the vasoconstrictor phenylephrine (an α 1 -adrenoreceptor agonist) were intact in aortas and mesenteric arteries from both IP3R1 fl/fl and EC IP3R1 −/− mice ( Fig. 1 C and E) . However, the ACh-induced aortic relaxation was markedly blunted (by ∼41%) in EC IP3R1
−/− mice compared with IP3R1 fl/fl mice (Fig. 1D) . Responses to the Ca 2+ ionophore A23187 were also markedly impaired (by ∼23%) in EC IP3R1 −/− mice (Fig. S5) . Similarly, there was a significant reduction in the response to ACh (Fig. 1F) ] i in response to ACh in both groups (Fig. 2B) . Similar results were obtained using a second IP3R inhibitor (2-aminoethoxydiphenyl borate; Fig. S7 ). These genetic and pharmacological data indicate that IP3R1 activation contributes to the ACh-induced [Ca 2+ ] i increase in vascular ECs. The increase in ACh-induced EC NO was blunted in EC IP3R1 −/− mice (Fig. 2C) , and NO production in control mice was reduced by Xec or L-NG-nitroarginine methyl ester (L-NAME) (Fig. 2D ), indicating that IP3R1-mediated ER Ca 2+ plays a pivotal role in EC NO generation.
EC NO is produced primarily by eNOS following agonist stimulation, and eNOS activity is dependent on Ca 2+ -calmodulin (17, 32) . Under basal conditions, eNOS activity in ECs isolated from EC IP3R1 −/− mice was reduced compared with eNOS activity in ECs from IP3R1 fl/fl mice (Fig. 2E ). ACh (10 μM) increased eNOS activity by 2.6-fold in IP3R1 fl/fl mice, whereas such an increase was not observed in EC IP3R1 −/− mice (Fig. 2E ).
Defective eNOS Activity Due to Decreased Expression and Phosphorylation.
eNOS activity is determined both by basal protein level and by enzymatic activity, which is regulated by phosphorylation (33) .
HTN was associated with reduced eNOS protein in EC IP3R1
−/− mesenteric arteries (Fig. 3A) , as well as attenuated eNOS phosphorylation at Ser 1176 in response to ACh stimulation (Fig. 3A) . Moreover, phosphorylation of eNOS at Thr 494 , which is an inhibitory site (34) , was increased in EC IP3R1
−/− mesenteric arteries (Fig. 3B ). IP3R1-deficient human ECs, generated by transfecting IP3R1 siRNAs into human umbilical vein endothelial The calcineurin/NFAT pathway has been identified as being located downstream of the angiotensin II type 2 receptor to promote eNOS expression in the myocardium, where it is believed to protect against cardiac hypertrophy (35) . We examined NFAT translocation to the nucleus to determine whether NFAT might be a regulator of eNOS expression in ECs. Indeed, nuclear translocation of NFAT was reduced in response to ACh stimulation in both IP3R1 knockdown HUVECs ( Fig. 3 E and F) and isolated IP3R1-deficient ECs (Fig. S8 ). Taken together, these data provide a mechanism for the reduced eNOS levels observed in IP3R1-deficient ECs whereby decreased ER Ca 2+ release impairs activation of downstream calcineurin/NFAT signaling.
The calcineurin inhibitor cyclosporin A (CsA) significantly reduced ACh-induced vasodilation, but did not reduce SNPmediated vasodilation in IP3R1 fl/fl mice (Fig. S9) . Preincubation of HUVECs with CsA for 1 h blocked ACh-induced NFAT translocation ( Fig. 3 E and F) . eNOS activation by ACh was also inhibited by CsA in a dose-dependent manner (Fig. 3G) . These data suggest that the IP3R1/calcineurin/NFAT signaling pathway plays a key role in ACh-induced eNOS activity in vascular ECs.
Stimulation of muscarinic M 1 receptors in ECs by ACh activates phospholipase C-γ 1 , resulting in IP3 production and IP3R-mediated Ca 2+ release from the ER (36) . Our data show that increased [Ca 2+ ] i , in turn, activates the calcineurin/NFAT pathway, resulting in increased eNOS expression and activity in vascular ECs (Fig. 4) . Although Ca 2+ -induced eNOS activation appears to be an important pathway for vasodilation, we cannot rule out the involvement of other vasodilators [e.g., prostaglandin I2, endothelium-derived hyperpolarizing factor (EDHF)], particularly in mesenteric arteries, where EDHF is a major vasodilator downstream of increased [Ca 2+ ] i (18) . In addition, eNOS posttranslational modification at other sites upon ACh stimulation may contribute to the low activity in EC IP3R1 −/− mice ( Fig. 3 A and B) . Phosphorylation of eNOS at Ser 1176 is a positive regulator of eNOS activity and is mediated by Ca 2+ / calmodulin/calmodulin-dependent protein kinase II (CaMKII) cascade, More than 30 cells were calculated for each condition, and data are presented as mean ± SEM of three independent experiments. ***P < 0.001 vs. siScrambled treated with ACh only, analyzed by Student's t test. (G) Isolated aortic ECs were pretreated with gradient concentrations (0, 10, 100, and 1,000 nM) of CsA at 37°C for 1 h, followed by ACh stimulation and NOS activity measurement as described in Fig. 2E . *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant vs. 0 nM CsAtreated cells of respective group, analyzed by Student's t test.
whereas the phosphorylation of Thr 494 inhibits eNOS catalytic activity (33) . Calcineurin has been reported to dephosphorylate eNOS at Ser 116 in human and bovine ECs (37) ; however, this site shows very low homology in murine EC eNOS. Further investigations are warranted to explore in detail the role of IP3R1 in the modulation of EC bioenergetics (38) , which might contribute to the observed hypertensive phenotype. Taken together, our results demonstrate that EC IP3R1 channels are crucial for the activation of the calcineurin/NFAT/ eNOS signaling pathway, which, in turn, plays a fundamental role in the maintenance of normal BP.
Materials and Methods
Animal Studies. Exon 4 of the gene encoding for IP3R1 was targeted by flanking it with loxP sites (Fig. S1A) . Methodologies for the generation of embryonic stem cell-derived embryos have been described elsewhere (39) . IP3R1 fl/fl mice were bred with Tie2-Cre transgenic mice to obtain an EC-specific ablation of IP3R1 (EC IP3R1 KO). Genotypes were verified by PCR (Fig. S1B and Table S2 ). All mice were backcrossed into the C57BL/6 background for >10 generations. BP was recorded via radiotelemetry, Millar catheter, and tail-cuff, as previously described (39) . Vascular reactivity of mouse thoracic aortic and mesenteric arterial ring preparations was determined following established protocols (40) . A detailed description of materials and methods can be found in SI Materials and Methods.
Ethical Approval. All studies were performed according to protocols approved by the Institutional Animal Care and Use Committee of Columbia University and according to NIH guidelines. All experiments were conducted by operators who were blinded to the genotypes of the animals. No samples, mice, or data points were excluded from the reported analyses.
Statistics. All results are presented as mean ± SEM. Statistical analysis was performed using an unpaired two-tailed Student's t test unless otherwise indicated. P values <0.05 were considered significant. -release-dependent calcineurin/NFAT mechanism. EC-generated NO diffuses into adjacent smooth muscle cells (K) and activates guanylyl cyclase (GC) to generate cGMP from GTP (L), leading to smooth muscle relaxation (M). (Fig. S1A) . Detailed methodologies for the generation of embryonic stem cell-derived embryos have been described elsewhere (39) . Mice harboring the IP3R1 fl/fl allele were bred with Tie2-Cre transgenic mice to obtain an EC-specific ablation of IP3R1 (EC IP3R1 KO). Genotypes were verified by PCR (Fig. S1B) . All mice were backcrossed into the C57BL/6 background for >10 generations. All animal studies were performed according to protocols approved by the Institutional Animal Care and Use Committee of Columbia University and according to NIH guidelines. All in vivo and in vitro experiments were conducted on male mice by operators who were blinded to the genotypes of the animals. No samples, mice, or data points were excluded from the reported analyses.
Supporting Information
Radiotelemetric BP Recording. BP was recorded in conscious, freely moving mice using radiotelemetric transmitters (TA11PA-C10; Data Sciences International) implanted into the aortic arch (39) . After 10 d of recovery, BP was recorded for 24 h in mice left undisturbed and maintained on a 12-h light/12-h dark cycle. Data were acquired for 2 min every 15 min, and the average values for MAP were calculated for every time point.
BP Measurement by Millar Catheter. BP was measured as previously described (17) . Briefly, mice were anesthetized by isoflurane inhalation and maintained by mask ventilation. Direct BP and heart rate measurements were performed with the use of a 1.0-French Mikro-Tip catheter (SPR1000; Millar Instruments), which was advanced through the right external carotid artery and placed in the descending aorta. After implantation, the catheter was connected to a transducer (Gould Instruments Systems) to record BP and heart rate for 15 min.
BP Measurement by Tail-Cuff. BP was measured using a tail-cuff method that relies on volume/pressure recording technology (Coda 6; Kent Scientific Corporation). BP was measured each day at the same time.
Vascular Reactivity ex Vivo. The vascular reactivity of mouse thoracic aortic and mesenteric arterial ring preparations was determined as previously described and validated (40, 41) . Briefly, 3-to 6-mo-old mice were killed, and the mesentery artery and thoracic aorta were rapidly removed and dissected in ice-cold Krebs solution (119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , 25 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , and 11 mM D-glucose). Mesenteric artery rings and thoracic aorta segments were mounted in a Multi Myograph System (510; Danish Myo Technology A/S), and modifications in arterial tone were recorded. Cumulative concentration response curves to phenylephrine (PE) were assessed in order to evaluate the contractility response. To evaluate vasorelaxation and the integrity of the endothelium layer, cumulative concentration response curves to ACh (1 nM to 30 μM), A23187 (1 nM to 10 μM), and SNP (1 nM to 10 μM) were tested on PE (1 μM) precontracted rings.
EC Isolation. After euthanization, murine aortas were quickly harvested, removed from adipose and connective tissues, cut through the longitudinal axis, and suspended in 1 mL of dissociation solution [55 mM NaCl, 80 mM Na-glutamate, 6 mM KCl, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 10 mM glucose, and 10 mM Hepes (pH 7.3)] containing 0.5 mg/mL neutral protease and 1 mg/mL elastase (Worthington). After digestion for 1 h at 37°C, type 1 collagenase (Worthington) was added to the dissociation solution to a final concentration of 0.5 mg/mL, and digestion was continued for an additional 2 min at 37°C. Aortas were then transferred to 1 mL of Ca 2+ -free dissociation solution, and cells were released by pipetting gently for about 10 times. Isolated ECs were collected by centrifugation at 100 × g for 1 min. Ca 2+ Imaging. Confocal Ca 2+ imaging of ECs was performed as previously described (42, 43) . Briefly, isolated aortic ECs were incubated with 10 μM Fura-2:00 AM (Invitrogen) in normal Tyrode's solution, containing 135 mM NaCl, 4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes, 1.2 mM NaH 2 PO 4 •2H 2 O, and 10 mM glucose (pH 7.36) adjusted with NaOH for 15 min at room temperature. After loading, the cells were washed several times and transferred to a recording chamber. Confocal imaging was performed by excitation with a 488-nm light from the argon laser of a Zeiss 5 live inverted confocal microscope (63× oil immersion lens). Data were analyzed using Image J software (NIH). Histology. Embryos or tissues were fixed in 10% formaldehyde overnight and processed for paraffin embedding. Hematoxylin and eosin (H&E) staining was performed on 7-μm sections following standard protocols (41) . Fibrosis was evaluated by Masson's trichrome staining (Sigma) according to the manufacturer's protocol. Mesenteric artery morphometric analysis was performed with ImageJ software by measuring the circumference of the external elastic lamina and internal elastic lamina. Media thickness and the media/lumen ratio were calculated to evaluate vessel remodeling as described (40) .
Immunoblotting. Mouse mesenteric arteries were harvested, quickly rinsed in PBS, immediately frozen in liquid nitrogen, and stored at −80°C. Frozen tissues or HUVECs were homogenized in 150 mM NaCl, 25 mM Tris·HCl (pH 7.5), 5 mM EDTA, 1% Nonidet P-40, 0.4% deoxycholic acid, 1 mM Na 3 VO 4 , and complete protease inhibitors. Protein concentrations were determined using the bicinchoninic acid assay (BCA) assay. Ten to 20 μg of protein was size-fractionated on SDS/PAGE and immunoblotted. Immunoblotting was performed as previously described and validated (43-46) using the following antibodies: eNOS (catalog no. 610297; BD Biosciences), phosphor-eNOS (Thr-495, catalog no. 9574s; Cell Signaling Technology), phosphoeNOS (Ser-1177, catalog no. 9571s; Cell Signaling Technology), and GAPDH (catalog no. 2118; Cell Signaling Technology).
Immunofluorescence. Paraffin-embedded tissues were deparaffinized, hydrated, and antigen-retrieved before immunostaining with IP3R1 antibody (1:100). Isolated aortic ECs were seeded on 35-mm glass-bottomed dishes (MatTek Corporation) precoated with poly-L-lysine solution (Sigma) and stained with NFATc3 antibody (1:50; Santa Cruz Biotechnology). Cy3-labeled secondary antibody (1:1,000; Abcam) was incubated for 1 h at room temperature, followed by mounting with SlowFade Gold antifade reagent with DAPI (Thermo Fisher Scientific). Pictures were captured with a Zeiss 5 live inverted confocal microscope (63× oil immersion lens) (40) .
RT-Quantitative PCR. Total RNAs were extracted using TRIzol (Invitrogen) and subjected to synthesize cDNA (RR047A; Takara). SYBR Premix Ex Taq II (RR820A; Takara) was used to quantify corresponding gene expression according to the manufacturer's instructions. Detailed primer sequences are listed in Table S1 . All reactions were run in triplicate and incubated in 96-well plates at 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s using the ABI 7500 Fast Real-Time PCR Detection System (39) . RT-quantitative PCR data were analyzed using the comparative threshold method and normalized to the expression of β-actin.
eNOS Activity Measurement. Isolated aortic ECs were stimulated with or without ACh (10 μM; 37°C for 5 min) or CsA (10 nM, 100 nM, 1 μM; 37°C for 1 h), followed by NOS activity assay detection (ENOS-100; BioAssay Systems). Briefly, 25 μL of cell lysates was mixed with 100 μL of NOS working reagent at 37°C for 20 min to produce NO. NO production was then measured following reduction of nitrate to nitrite using the Griess method (data obtained at OD 540 ). Concentrations of cell lysates were determined by means of the Bradford assay. NOS activity was calculated as follows: Statistics. All results are presented as the mean ± SEM. Statistical analysis was performed using an unpaired two-tailed Student's t test unless otherwise indicated. P values less than 0.05 were considered significant. 
